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When Th nuclei are doped in CaF2 crystals, a set of electronic defect states appear in the crystal
band gap which would otherwise provide complete transparency to vacuum-ultraviolet radiation.
The coupling of these defect states to the 8 eV 229mTh nuclear isomer in the CaF2 crystal is
investigated theoretically. We show that although previously viewed as a nuisance, the defect states
provide a starting point for nuclear excitation via electronic bridge mechanisms involving stimulated
emission or absorption using an optical laser. The rates of these processes are at least 2 orders of
magnitude larger than direct photoexcitation of the isomeric state using available light sources. The
nuclear isomer population can also undergo quenching when triggered by the reverse mechanism,
leading to a fast and controlled decay via the electronic shell. These findings are relevant for a
possible solid-state nuclear clock based on the 229mTh isomeric transition.
Recent years have witnessed the increased interest for
a “nuclear anomaly” in the actinide region: the first ex-
cited state of the 229Th isotope lies only 8 eV above the
ground state [1–3]. Due to the small transition energy,
this state is long-lived and termed the nuclear isomer
229mTh. The narrow transition line and the possible ac-
cess with narrow-band vacuum-ultraviolet (VUV) lasers
renders 229Th the first candidate for a nuclear clock of an
unprecedented accuracy [4–7]. The 229Th nuclear clock
transition is expected to enable the observation of tem-
poral variations of fundamental constants [8–10] or grav-
itational shift measurements [11, 12]. Furthermore, it is
also a candidate for the first nuclear laser [13, 14]. These
applications require a further improvement in the isomer
energy accuracy, at present reported as Em = 8.28±0.17
eV [1]. Furthermore, the development of tunable VUV
lasers that would facilitate the search for the 229Th iso-
meric transition is at present still challenging.
So far, the isomeric transition has been investigated
in two experimental approaches: (i) using Th ions or
atomic beams (see, for instance, Refs. [1, 15, 16]) or (ii)
in VUV-transparent crystals such as CaF2 or LiCaAlF6
doped with 229Th [7, 10, 17]. The advantage of the latter
approach is that the crystal environment allows for high
dopant densities up to 1016 − 1018 cm−3, many orders
of magnitude larger than those achievable for trapped
ions [7, 18–20]. This would lead to a larger total exci-
tation and radiative decay signal of the isomer, which is
proportional to the number N of addressed nuclei, and
would increase the stability of the potential clock pro-
portionally to
√
N [21]. Nevertheless, all attempts of di-
rect isomer excitation with VUV radiation and detection
of its radiative decay signal have failed so far [17, 22–
25]. A reason could be that the explored nuclear tran-
sition energy range and the expected transition strength
were not accurate, as suggested by more recent results
[1, 26, 27]. Furthermore, the reported parasitic back-
ground present in Th-doped crystals in the UV and VUV
range, such as phosphorescence of crystal defects both in-
trinsic and laser-induced, or Cherenkov radiation stem-
ming from β-radioactive daughter nuclei in the 229Th de-
cay chain [18, 24, 28–31] were also a nuisance. In par-
ticular, theoretical density functional theory (DFT) pre-
dictions confirm the presence of defect states caused by
Th doping within the crystal band gap for CaF2 in the
vicinity of the nuclear transition energy [30].
In this Letter, we consider a different route to excite
the isomeric transition in the VUV-transparent crystal
environment exploiting the strong nuclear coupling to
the atomic shell. We show that excitation of the defect
states in the band gap of CaF2, together with optical
laser pumping can lead to an efficient transfer of energy
from the crystal electronic shell to the nuclear isomer via
a virtual electronic state. This process is a solid-state
version of the electronic bridge (EB) [32–37] studied the-
oretically so far only for single ions, typically in ion traps.
Our results demonstrate the advantages of this approach:
(i) it exploits the electronic states of the crystal defects
previously viewed as a nuisance, (ii) the requirements
on the VUV radiation are much reduced and finally (iii)
the EB nuclear excitation rates are at least 2 orders of
magnitude larger than direct photoexcitation of the iso-
mer. Depending on the exact energies of the nuclear
transition and of the defect states, we consider both an
EB mechanism involving stimulated emission as well as
a mechanism based on absorption of an optical laser, as
illustrated in Fig. 1. We also show that the inverse EB
process in the crystal can quench the isomeric population
producing a 3 orders of magnitude stronger signal than
from the mere radiative decay of the nucleus, thus facil-
itating experimental observation. Controlled quenching
could also be relevant for the operation of a solid-state
nuclear clock based on the 229mTh isomeric transition.
For a typical EB process in an ion, the nuclear excita-
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FIG. 1: EB process for the excitation of 229mTh from the
ground state |g〉 to the isomeric state |m〉 (right graph). The
initially populated electronic defect states |d〉 lie in the crystal
band gap (between the ground state |o〉 and the conduction
band |c〉) above or below the isomer energy. The EB process
occurs either spontaneously (left graph) or assisted by an op-
tical laser in the stimulated or absorption schemes (middle
graphs). In all cases, EB proceeds via a virtual electronic
state |v〉. See text for further explanations.
tion is accompanied by a decay transition of a different
energy in the electronic shell. Due to the energy mis-
match, the process involves a virtual electronic level and
the emission or absorption of a photon to ensure energy
conservation. The EB process in the crystal environment
is fundamentally more complicated as it involves the en-
tire crystal electronic shell. We consider in the following
the host crystal CaF2 which has an experimentally mea-
sured band gap in the region of 11−12 eV [38–40]. CaF2
displays a cubic lattice structure, in which the dopant
thorium in charge state Th4+ replaces one of the cal-
cium ions introducing two more interstitial fluorine ions
for charge compensation [30]. DFT calculations using the
Vienna Ab initio Simulation Package VASP [41, 42] show
that there should be eight spin-degenerate defect states
{|d〉} = {|d1〉, . . . , |d8〉} within the 229Th:CaF2 crystal
transparency gap, with energies close in value to the iso-
mer energy. These states are localized on the Th dopant
and its 5f orbital, while the transition from the crys-
tal ground state |o〉 to the set {|d〉} is reminiscent of a
2p orbital electron of an interstitial fluorine ion migrat-
ing to the Th ion. We envisage using these {|d〉} → |o〉
transitions as electronic counterparts to drive the isomer
excitation in the EB scheme. The radiative width of the
defect states {|d〉} modeled by electric dipole (E1) decay
is ΓspE1(|d〉 → |o〉) ≈ 106 s−1 and 10 orders of magni-
tude larger than the isomer width. The defect states are
thus much easier to excite by broad-band VUV sources.
To this end, we consider an initial electronic state with
a uniform population distribution over the defect states
{|d〉}, and the final electronic state as the highest energy
single spin-degenerate ground state at the Fermi edge
corresponding to the ground state |o〉.
DFT underestimates the experimentally known band
gap of CaF2. In order to match the calculated band
gap of the undoped CaF2 crystal with the experimen-
tally measured value of 11.5 eV, a scaling procedure via
the scissors operator is applied in the calculation [43, 44].
As a result, the defect states lie in a 0.5 eV interval at
approx. 10.5 eV. The act of scaling introduces uncer-
tainties on the exact energies of the defect states, which
thus cannot be undoubtedly assigned above or below the
isomer. In the following we will consider both possibil-
ities, as depicted in Fig. 1. The corresponding energy
difference E = ~|ωmg−ωdo| between the nuclear isomeric
transition (~ωmg) and the electronic decay transition of
one defect state (~ωdo) lies for both cases in the optical
domain, where tunable lasers with spectral intensities on
the order of Iopt ≈ 1 W/(m2s−1) or more are available.
If ωdo > ωmg, a laser photon with energy E can assist
via a stimulated emission transition to the virtual state
leading to subsequent EB excitation of the isomeric state.
In the opposite case where ωdo < ωmg, absorption of an
optical laser photon with energy E would render possi-
ble the EB process. We consider the laser tuned on the
respective resonance and neglect detuning.
The rate Γst(a → b) of a stimulated generic process
|a〉 → |b〉 can be related to the rate of the corresponding
spontaneous process Γsp(a→ b) in SI units as [45, 46]
Γst(a→ b) = Γsp(a→ b)pi
2c2~2
E3
I , (1)
where the spectral intensity of the laser source is I in
W/(m2s−1), with the required photon energy E = ~ωab,
and c stands for the speed of light. Via detailed balance,
the stimulated rate Γst(a → b) can be related to the in-
verse absorption process rate via Γab(b → a) = Γst(a →
b)δ(a → b), with δ(a → b) = Na/Nb the ratio of multi-
plicities {|a〉} versus {|b〉}.
We now address the considered case of spontaneous EB
in the solid-state environment as illustrated in Fig. 1,
adapting the standard theoretical approach for single
ions [32–35]. The EB process is described by the am-
plitude of an electric dipole transition for the emission
of a photon, occurring together with an electronic tran-
sition, both via a set of intermediate states around the
virtual state. These processes are simultaneously accom-
panied by nuclear excitation in the transition |g〉 → |m〉.
Photon emission and electronic transition can occur in
either order, with only one of them being depicted in
Fig. 1. The spontaneous EB rate ΓspEB(|g, d〉 → |m, o〉)
starting from the set of defect states {|d〉} can be written
in atomic units as
ΓspEB(|g, d〉 → |m, o〉) =
4
3
1
NgNd
∑
m,g,
d,o
(
ωdo − ωmg
c
)3
|〈m, o|D˜E1|g, d〉|2 ,
(2)
3where the states |m, o〉 = |m〉|o〉 are characterized by the
quantum numbers defining the nuclear state, in this case
the isomer m and the quantum numbers of the electronic
state, namely the electronic ground state o. The num-
ber of initial nuclear and participating electronic states
in the sets {|g〉} and {|d〉} are Ng and Nd respectively.
In the crystal environment, we average over the transi-
tions between sets of nondegenerate electronic levels in
the ground state and defect bands. This is accounted
for by the summations over the sets {|d〉} and {|o〉} in
Eq. (2).
The effective E1 bridge operator matrix element for
the crystal environment reads
〈m, o|D˜E1|g, d〉 =
∑
λK,q
(−1)q
[∑
n
〈o|DE1|n〉〈n|TλK,q|d〉
ωdn − ωmg +
∑
k
〈o|TλK,q|k〉〈k|DE1|d〉
ωok + ωmg
]
〈m|MλK,−q|g〉 . (3)
Here, λK represent the multipolarities of the electronic
and nuclear spherical tensors TλK,q and MλK,−q and
q = (−K,−K+1, . . . ,K−1,K) are the spherical compo-
nents thereof [47, 48]. Due to the presence of the virtual
state, the matrix element contains summations over in-
termediate electronic states denoted by |n〉 and |k〉 in Eq.
(3) which include all neighbouring unoccupied electronic
states.
The electric dipole operator in Eq. (3) describes the
emission or absorption of a photon and is given by
DE1 = −r, where r is the position relative to the tho-
rium nucleus which is considered the origin. The isomeric
transition in 229Th is a magnetic dipole (M1) transition
with an electric quadrupole (E2) admixture [49]. This
restricts the sum over λK to these two multipolarities.
In the nonrelativistic limit, the magnetic-dipole coupling
operator reads [50]
TM1,q = 1
c
[
lq
r3
− σq
2r3
+ 3
rq(σ · r)
2r5
+
4pi
3
σqδ(r)
]
, (4)
where l (lq) is the orbital angular momentum of the elec-
tron and σ (σq) are the Pauli matrices (in spherical ba-
sis). The electric-quadrupole coupling operator is given
by [48]
TE2,q = − 1
r3
√
4pi
5
Y2,q(θ, φ), (5)
where Y2,q are the spherical harmonics. Last,
〈m|MλK,−q|g〉 are the matrix elements of the nu-
clear transition operators which are obtained via the
Wigner-Eckart theorem [51] using the theoretical reduced
transition probabilities B↓ in Weisskopf units (W.u.)
BW (M1,m → g) = 0.0076 W.u., BW (E2,m → g) =
27.04 W.u. [26].
For the electronic wave functions, ab-initio calculations
were carried out in VASP [41, 42] using Perdew-Burke-
Ernzerhof [52] and Heyd-Scuseria-Ernzerhof [53] func-
tionals, where we reconstructed the all-electron Kohn-
Sham wave functions from the projector augmented wave
method [54]. Eq. (3) requires the knowledge of energies
and wave functions for the ground state, defect and con-
duction bands. Some of these electronic states are local-
ized tightly around thorium and others have their origin
elsewhere in the crystal’s unit cell or are delocalized. We
have used a unit cell of 66 fluorine, 31 calcium, and a sin-
gle thorium atom for the VASP calculations. Compared
to atomic EB calculations, the wave functions of electrons
in the crystal environment are not necessarily eigenstates
of either angular momentum or parity. The spatial parts
of the wave functions are therefore only defined by their
energy. This raises additional numerical challenges as
selection rules cannot be used for analytical simplifica-
tions of the computation. Wave functions were calcu-
lated on a spherical grid where the number of points is
(Nr, Nθ, Nφ) = (353, 29, 60), the spacing in angular com-
ponents is constant and the spacing in the radial com-
ponent follows rn = r0e
n/κ with r0 = 0.000135 a0, a0 is
the Bohr radius, and κ = 31.25. Spherical grids as large
as (Nr, Nθ, Nφ) = (353, 44, 90) were tested but did not
improve the accuracy of the result significantly.
Our numerical results for the spontaneous EB rate con-
sidering the DFT defect states energies around 10.5 eV
yield ΓspEB(|g, d〉 → |m, o〉) ≈ 2.5 × 10−8 s−1. We have
tested the rate convergence by increasing the number of
included intermediate spin-degenerate conduction band
states up to 230. The conduction band {|c〉} offers an in-
finite intermediate-state set for the n and k summations
in Eq. (3), and the corresponding denominators are only
slowly suppressing their contributions. Our test shows
that convergence is achieved and the order of magnitude
of the rate is stable throughout the entire tested range.
The EB nuclear excitation schemes require initial pop-
ulation of the defect, i.e., prior excitation of an elec-
tron from the ground state to one of the defect states
|o〉 → {|d〉}. This initial excitation can be achieved with
VUV sources, for instance, available VUV lamps [18] with
N ≈ 3 photons/(s·Hz), a focus of f = 0.5 mm2 which
gives I = N~ωdo/(2pif) ≈ 1.6 × 10−12 W/(m2 s−1) and
a FWHM linewidth of ≈ 0.5 eV, or alternatively with
4the Advanced Light Source (ALS) in Berkeley, USA, de-
scribed in Ref. [10] with spectral intensity I ≈ 0.5×10−8
W/(m2 s−1). The steady-state total defect population
ρd can be calculated considering the stimulated (st) and
spontaneous (sp) E1 decay rates and the VUV-photon
absorption (ab) processes for the process |o〉 ↔ {|d〉}
ρ˙d = ρoΓ
ab
E1 − ρd
(
ΓspE1 + Γ
st
E1
)
, (6)
where ρo is the occupation probability of the ground
state, ρo = 1− ρd ' 1. The steady state solution ρ˙d = 0
gives the approximate occupation probability of the de-
fect, which yields ρd ≈ 2.7×10−8 for the VUV lamp and
ρd ≈ 10−4 for ALS parameters.
We now turn to the total rate of isomer excitation
starting from the electronic shell in one of the defect
states via both spontaneous and laser-induced channels.
When the defect states have higher energy than the iso-
mer ωdo > ωmg, the total rate of the isomer excitation
for both stimulated and spontaneous EB processes can
be written as
Γst↑m = ρgρd [Γ
sp
EB(|g, d〉 → |m, o〉)
+ ΓstEB(|g, d〉 → |m, o〉)
]
, (7)
where ρg is the occupation probability of the nuclear
ground state, which we consider initially to be unity. In
the opposite case ωdo < ωmg, the EB process requires
laser absorption and the total nuclear excitation rate can
be written as
Γab↑m = ρgρdΓ
sp
EB(|g, d〉 → |m, o〉)
pi2c2~2
E3
Iopt (8)
× δ(|g, d〉 → |m, o〉) .
Using the last two expressions we obtain the rates for
both stimulated and absorption EB processes as a func-
tion of the defect energy illustrated in Fig. 2. The energy
of the defect states in {|d〉} is varied as a group by sub-
tracting the same constant from each state energy. For
the calculation we have used Iopt = 1 W/(m
2s−1) for the
optical laser and IV UV = 1.6× 10−12 W/(m2s−1) for the
VUV source that originally excites the defect states. We
obtain EB rates Γ↑m & 10−10 s−1 for both the stimulated
and absorption schemes.
Figure 2(a) shows the rate Γζ↑m for the driven EB pro-
cess averaged over all eight spin-degenerate defect states
|d〉 = {|d〉}, as a function of the average energy of the
defect states in the range 6–11 eV. Both the stimulation
(ζ = st) and the absorption (ζ = ab) schemes are consid-
ered. A clear resonance of the form Γζ↑m ∝ 1/(ωmg−ωdo)2
is visible as expected from the denominators of Eqs. (2)
and (3). Both EB schemes are upwards of two orders
of magnitude faster than directly driving the isomeric
transition with the VUV source alone. This is a signifi-
cant improvement for the isomer excitation in Th:CaF2.
When approaching the isomer energy from a distance the
average rates of Fig. 2(a) provide a general view of the
resonant structure. In the region of the isomer energy one
must consider specific initial states individually. To gain
a better understanding of this region, we plot in Fig. 2(b)
the resonant structure of the EB rate corresponding to
the initial defect state |d7〉, which has the largest radia-
tive width and can be most efficiently populated. Here we
see a variety of resonances corresponding to cases when
the intermediate virtual state comes close to one of the
other defect states. Near these resonances the rate of
excitation can be orders of magnitude larger than dis-
cussed so far. The exact comb structure will depend on
the chosen initial state as well as the precise energies of
the other surrounding defect states, which are yet to be
determined in future experimental measurements. The
latter can be performed in 232Th:CaF2 crystals with the
advantage of less radioactive background.
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FIG. 2: EB excitation rates via absorption (ζ = ab) and stim-
ulated (ζ = st) process as a function of the initial electronic
state energy. (a) Average driven EB process where the ini-
tial state is the set of all defect states {|d〉}. (b) Driven EB
process for the initial state |d〉 = |d7〉. The isomeric energy is
shown as a vertical blue line at 8.28 eV.
The laser-assisted bridge mechanisms can also be used
to quench an already generated isomeric state popula-
tion. Quenching refers here to the conversion of nu-
clear isomeric population into electronic defect popula-
tion. The subsequent defect decay is 10 orders of mag-
nitude faster than the radiative decay of the nuclear iso-
mer. Considering the case ωdo > ωmg with defect states
energies around 10.5 eV, the optical laser induces a 0.07
s−1 deexcitation of the isomer via the stimulated EB pro-
cess, which is nearly 3 orders of magnitude faster than
the spontaneous radiative decay of the isomer estimated
to be Γγ ≈ 10−4 s−1 [26]. With occupation probabilities
calculated for initial excitation of the isomeric state via
5the above outlined stimulated EB method, the quench-
ing process has a rate of Γ↓m ≈ 10−10 s−1. The total
number of decay photons one would measure is of the
order NΓ↓m where N is the total number of nuclei in the
crystal exposed to the initial stimulated EB excitation
scheme. For a 1 cm3 crystal one could have N & 1014
thorium nuclei giving a signal of ≈ 104 decay photons per
second, with the emitted photon energy coinciding with
the electronic defect energies. This signal is 3 orders of
magnitude larger than the radiative decay of the nucleus
considering the same excitation parameters. Quenching
could therefore be advantageous for a faster clock inter-
rogation scheme in the crystal environment.
In conclusion, we have presented a new method for
isomer excitation in the crystal environment via the
coupling to the electronic states using a defect in
229Th:CaF2. Our calculations show that excitation rates
via both stimulated and absorption EB processes start-
ing from previously excited defect states are at least 2
orders of magnitude larger than direct photoexcitation
using the same VUV source. In addition, the isomer
coupling to the defect states could be used for an effi-
cient quenching of the nuclear transition and controlled
isomer decay. Our findings support experimental efforts
toward a solid-state nuclear clock employing Th-doped
VUV-transparent crystals.
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